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Abstract
Motivated by recent developments in Cosmology we would like to con-
sider an extension of the Ghost DE which we will call as varying Ghost
DE. Ghost DE like other models was introduced recently as a possible way
to explain accelerated expansion of the Universe. For the phenomenologi-
cal origin of the varying Ghost dark energy in our Universe we can suggest
an existence of some unknown dynamics between the Ghost Dark energy
and a fluid which evaporated completely making sense of the proposed
effect. Moreover, we assume that this was in the epochs and scales which
are unreachable by nowadays experiments, like in very early Universe. In
this study we will investigate the model for cosmological validity. We
will apply observational and causality constraints to illuminate physically
correct behavior of the model from the phenomenological one. We saw
that an interaction between the varying Ghost DE and cold DM (CDM)
also provides a solution to the cosmological coincidence problem. And we
found that the Ghost DE behaves as a matter like fluid in early Universe.
1 Introduction
The observations of high redshift type SNIa supernovae [1] - [3] reveal the speed-
ing up expansion of our Universe. The surveys of clusters of galaxies showed
that the density of matter is very much less than critical density [4], observations
of Cosmic Microwave Background anisotropies indicate that the Universe is flat
and the total energy density is very close to the critical Ωtot ' 1 [5]. In order
to explain experimental data concerning to the nature of the accelerated expan-
sion of the Universe several hypothesis were proposed. For instance, in General
Relativity framework, the desirable result could be achieved by dark energy: an
exotic and mysterious component of the Universe, with negative pressure and
negative EoS parameter ω < 0. Dark energy occupies about 73% of the energy
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of our Universe, other component, Dark matter, about 23%, and usual bary-
onic matter occupies about 4%. The simplest model for the dark energy is the
cosmological constant ωΛ = −1 introduced by Einstein, but with absence of a
fundamental mechanism which sets the cosmological constant zero or very small
value. This problem known as fine-tuning problem, because in the framework of
quantum field theory, the expectation value of the vacuum energy is 123 order
of magnitude larger than the observed value of the Λ [6]. The second problem
known as cosmological coincidence problem, which asks why are we living in an
epoch in which the densities of dark energy and matter are comparable? Alter-
native models of dark energy suggest a dynamical form of dark energy, which at
least in an effective level, can originate from a variable cosmological constant [7],
or from various fields [8] - [14], [15] - [24], [25] - [38] and could alleviate these
problems. Finally, an interesting attempt to probe the nature of dark energy
according to some basic quantum gravitational principles are the holographic
dark energy paradigm [39] - [50] and agegraphic dark energy models [51] - [53].
New model of dark energy called Veneziano ghost dark energy has been recently
proposed, which supposed to solve the U(1)A problem in low-energy effective
theory of QCD [54] - [66]. Indeed, the contribution of the ghosts field to the
vacuum energy in curved space or time-dependent background can be regarded
as a possible candidate for the dark energy. Veneziano ghost exhibits non triv-
ial physical effects in the expanding Universe and these effects give rise to a
vacuum energy density ρD ∼ Λ3QCDH ∼ (10−3eV )4. With H ∼ 10−33eV and
ΛQCD ∼ 100eV we have the right value for the force accelerating the Universe
today. Energy density of the Ghost Dark energy reads as
ρG = αH, (1)
where H is Hubble parameter H = a˙/a and α is a constant parameter of the
model, which should be determined. A generalization of the model [67] also was
proposed for which energy density reads as
ρG = αH + βH
2, (2)
with α and β constant parameters of the model. In this work we would like
to suggest a phenomenological modification of the Ghost DE and investigate
cosmological consequences of such modification. Let suppose that our Universe
with FRW metric contains a mixture of a varying Ghost DE and a barotropic
fluid with
Pm = ωρm, (3)
EoS. We know that the energy conservation for the composed fluid reads as
ρ˙+ 3H(ρ+ P ) = 0, (4)
with total energy density and pressure of composed fluid given as
ρ = ρV G + ρm and P = PV G + Pm. (5)
Field equations with FRW metric read as
H2 =
a˙2
a2
=
8piGρ
3
, (6)
2
a¨a
= −4piG
3
(ρ+ 3P ). (7)
We suppose, that the cosmological constant Λ = 0, the gravitational constant
G and c are constants with c = 8piG = 1. In modern cosmology an interaction
between fluid components plays an important role and mathematically means
ρ˙m + 3H(ρm + Pm) = Q (8)
and
ρ˙G + 3H(ρG + PG) = −Q, (9)
where Q denotes the phenomenological interaction. From the thermodynamical
point of view, it is argued that the second law of thermodynamics strongly
faviours dark energy decaying into dark matter. Usually, considered forms for
the interaction term Q are
Q = 3Hbρd, (10)
Q = 3Hb(ρd + ρm), (11)
and
Q = 3Hbρm, (12)
where b > 0 is a coupling constant. Mentioned interaction terms are either
positive or negative and can not change the sign during the evolution of the
Universe. However, recently by using a model independent method to deal with
the observational data was found that the sign of the interaction term Q in
the dark sector changed in the redshift range of 0.45 . z . 0.9. Hereafter, a
sign-changeable interaction [68] - [69], were introduced
Q = q(αρ˙+ 3βHρ). (13)
and considered within various cosmological models to reveal some cosmological
consequences [70]-[73] of it. α and β are dimensionless constants, the energy
density ρ could be ρm, ρde, ρtot. q is the deceleration parameter
q = − 1
H2
a¨
a
= −1− H˙
H2
. (14)
This new type of interaction can change its sign when our Universe changes
from the deceleration q > 0 to the acceleration q < 0 Universe. It should
be noted that the sign changeability for the interaction other approaches also
could be used. Recently, other tendency concerning to the phenomenological
modification of the interaction terms was observed, for instance, such that the
constants b and γ from interaction terms Q assumed to be function of the scale
factor b(a) = b0aζ [74], which is also an interesting modification with its wide
interesting consequences. In this work as a first and a simple model we will
consider an Universe with a single component fluid. Then as a generalization
of the model we will consider a composed fluid model with different couplings
between the fluid components. Examples for the interaction term Q considered
in this work could be presented as a particular forms of more general form given
as
Q = qn(3baχHρ+ γaρ˙), (15)
where q is the deceleration parameter, H is the Hubble parameter, a is the scale
factor and ρ is the energy density of the Universe, while n, b and γ are constants
3
and should be determined from the observations.
The paper is organized as followed. After introduction, in the next section
we consider a model of the Universe with varying Ghost DE. We will consider
composed fluid models in the next section. One of the sections devoted to the
observational constraints on the models with the causality issue to eliminate
phenomenology from the models where we include analysis of the Generalized
Second Law of Thermodynamics. Discussion of obtained results presented in
last section.
2 The Universe with varying Ghost DE
Modeling the dark sector of the Universe within a varying Ghost DE could
be a good starting point to understand some aspects of the phenomenological
modification, therefore we would like to start our analysis of the dynamics of
the Universe with a single fluid content. Phenomenological dark energy model
of our interest which results from the modification of the energy density of the
Ghost DE refers as a varying Ghost DE. Our first attempt is an assumption
that the energy density of the DE is given as
ρ = αa(t)ξH(t) + βH(t)2, (16)
where ξ, α and β are constants and ξ = 0 will reduce our new model to the
original Ghost DE. The pressure of the De model can be found from the energy
conservation equation
ρ˙+ 3H(ρ+ P ) = 0, (17)
and reads as
P = −H˙
3
[
αaξ
H
+ 2β
]
− (ξ + 3)αa
ξH
3
− βH2. (18)
Taking into account last two equation as well as Eq. (7) we will have a com-
plete set of equations allowing us to study the behavior of the Universe. If the
dynamics of the Universe is controlled via varying Ghost DE suggested in this
work, then we can have two different scenarios either we have ever accelerated
expansion for the whole history or we have the Universe where q ≥ 0. For the
models with ξ > 0 for the later stages of the evolution q ≈ 0. Similar situation
can be seen also for the models with negative ξ (Fig. (1)). With the analysis
of the behavior of the Ω = ρ3H2 we conclude that the models with ξ > 0 are
not possible scenarios, because in such models we have continuously increas-
ing Ω, while due to the observational results we have a well known fact that
Ω ≈ 1. While the models with negative ξ could work well, because we can
obtain Ω ≈ 1 (Fig. (2)). Further analysis reveals that a small positive values for
ξ also can provide reasonable results. Next, according to the well accepted fact
to model dark sector of the Universe with a DE and DM, where usually DM
interpreted as a cold dark matter (CDM) with ωm = 0. It is also well known
that introduction of an interaction between DE and DM can solve cosmological
coincidence problem. Therefore in the next section we will discuss the models
involving CDM and an interaction and possible solutions for the cosmological
coincidence problem within a particular model of the varying Ghost DE.
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Figure 1: Behavior of the deceleration parameter q against time t for the Uni-
verse containing only varying Ghost DE for negative and positive ξ. ξ is the
parameter of the proposed modification. The model with ξ = 0 corresponds to
the usual Ghost DE with ρ = αH(t) + βH(t)2.
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Figure 2: Ω = ρ3H2 of the Universe containing only varying Ghost DE for
negative and positive ξ. ξ is the parameter of the proposed modification. The
model with ξ = 0 corresponds to the usual Ghost DE with ρ = αH(t)+βH(t)2.
3 Two component effective fluid models
The analysis and the results of this section involves models where we have inter-
acting DE and CDM. Cosmography and a possible solution of the cosmological
coincidence problem will be under our attention. If we consider non-interacting
DE models practically we can handle the problem analytically (for some mod-
els), when we have an interaction, then the analysis could be complicated and
numerical analysis will be the right tool to understand the behavior of the mod-
els in different regimes. Mathematically, in our models when there is not an
interaction between the components we will write the energy conservation for
the effective fluid with ρ = ρm + ρV G and P = Pm + PV G as
ρ˙m + 3H(ρm + Pm) = 0, (19)
and
ρ˙V G + 3H(ρV G + PV G) = 0, (20)
and for the pressure of the varying Ghost Dark energy to have
PV G =
−ρ˙V G
3H
− ρV G. (21)
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With our modification for the Ghost DE, as we observed, there is a possibil-
ity to obtain a transit Universe, where the deceleration parameter changed its
sign from the positive to negative providing accelerated expansion observed in
the old Universe. This transition becomes apparent with the decreasing the ξ
parameter. Another interesting outcome of our phenomenological suggestion is
that that with the decreasing of the ξ we are able to change the nature of the
Ghost DE in the early Universe. With the decreasing the ξ we will transform
DE to a matter like fluid. While independent from the values of the ξ the EoS
parameter of the varying Ghost DE will tend to −1 (Fig (3)).
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Figure 3: Behavior of the deceleration parameter q and EoS parameter ω of
the varying Ghost DE against time t for the Universe containing an effective
fluid. ξ is the parameter of the proposed modification. The model with ξ = 0
corresponds to the usual Ghost DE with ρ = αH(t) + βH(t)2. Non-interacting
case.
Consideration of the interactionQ between the components provide some changes
in the mathematics of the problem, particularly the pressure of the varying
Ghost DE could be found from
PV G =
−Q− ρ˙V G
3H
− ρV G, (22)
with appropriate changes in Eq. (19). One of the forms of the interaction term
Q intensively considered in the physical literature is of the form
Q = 3Hbρ, (23)
where H is the Hubble parameter, b is the constant and ρ is the energy density
of the effective fluid. When we have ever accelerated Universe with the interac-
tion between Ghost DE and CDM given by Eq. (23), then with the proposed
varying Ghost DE we can see a possibility to have a transit Universe i.e. the
transition from the q > 0 to q < 0. This transition corresponds to the decreasing
of ξ parameter. However, we should note that the increasing the value of the
interaction parameter b for a fixed value of ξ can provide us an Universe which
is also ever accelerated (Fig. 4), therefore, eventually we should apply observa-
tional constraints on the models to illuminate correct values of the parameters.
Such behavior was obtained for the fixed values of the parameters α and β. In
such Universes EoS parameter of the effective fluid described by
ωtot =
PV G
ρm + ρV G
, (24)
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Figure 4: Behavior of the deceleration parameter q against time t for the Uni-
verse containing an effective fluid. ξ is the parameter of the proposed mod-
ification. The model with ξ = 0 corresponds to the usual Ghost DE with
ρ = αH(t) + βH(t)2.
behaves as a cosmological constant ωtot → 1 in later stages of the evolution. De-
creasing ξ will give usual matter properties to the varying Ghost DE in the early
stages of the evolution, but for the latter stages of the evolution independent of
the values of the main parameter ξ varying Ghost DE will mimic the cosmologi-
cal constant with ω = −1. The interaction under our consideration has another
interesting effect on the behavior of the EoS parameter ω of the varying Ghost
DE. From the left plot of the Fig. (5) it becomes clear that with the fixed value
of ξ and with increasing the value of b varying Ghost DE can be interpreted
as a phantom DE. Long standing puzzle known as the cosmological coincidence
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Figure 5: Behavior of the EoS parameter ω of the varying Ghost DE against
time t for the Universe containing an effective fluid. ξ is the parameter of the
proposed modification. The model with ξ = 0 corresponds to the usual Ghost
DE with ρ = αH(t) + βH(t)2.
problem can be solved using different approaches. One of the approaches is
the consideration of the interaction between dark sector of the Universe. We
need another analysis for the deep understanding of the differences between our
suggested model and original Ghost DE model, which involves the analysis of
the
r =
ρm
ρV G
, (25)
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which shows us that without interaction this model is not able to solve the
cosmological coincidence problem, while with the interaction Q = 3Hbρ we have
a solution. Moreover we observed that with increasing interaction parameter
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Figure 6: Behavior of the r = ρmρVG against time t for the Universe containing an
effective fluid. Plots indicate a possibility to solve the cosmological coincidence
problem with r → r0. ξ is the parameter of the proposed modification. The
model with ξ = 0 corresponds to the usual Ghost DE with ρ = αH(t)+βH(t)2.
b evidence of the solution in the form of the scaling solutions is appears with
r → r0, where r0 is a constant. In the last part of this section we would like to
discuss impact of the different forms of the interaction terms Q on our model.
We see that with great accuracy obtained results for the different forms for
Q given by Eq.(15) with n = 0 are coincide with the results obtained for the
interaction term of the Q = 3Hbρ (Fig. (7)) form.
4 Observational Constraints, Causality issue and The Gen-
eralized Second Law of Thermodynamics
Comparison of a theoretical model with observational data is a good way to
understand the validity of the theoretical model as well as it is a powerful tool
to illuminate physical aspects of the model from the phenomenological one.
Besides finding best fit of the model with the observations another simply way
exist which allows to reject or accept the models and it is the square of the
sound speed defined as
C2s =
∂P
∂ρ
, (26)
where in our case P is the pressure of the effective fluid and ρ is the energy
density of the same effective fluid. We have well defined range for the square of
the sound speed which is
0 ≤ C2s ≤ 1, (27)
either to accept or reject the theoretical models. In our models we saw that
with C2s → 0 in the latter stages of the evolution, therefore our models could be
appropriate models of the old Universe if we follow to the widespread accepted
opinion. But if we follow to the ideas challenging Eq. (27) then we have good
chances to extend proposed models of this work and obtain other interesting
behaviors differ than presented in this work. Comparing theoretical models with
observational data we found a good fit of the models up to z ≈ 0.9 (Fig. (8))
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Figure 7: Behavior of the deceleration parameter q, r = ρmρVG , ωtot and EoS
parameter of the varying Ghost DE ω against time t for the Universe containing
an effective fluid for different forms of the interaction terms Q given by Eq. (15).
For all cases the parameter n = 0. The model with ξ = 0 corresponds to
the usual Ghost DE with ρ = αH(t) + βH(t)2. Blue line corresponds to non
interacting case.
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Figure 8: Observational data SneIa + BAO + CMB for distance modulus versus
our theoretical results.
Another important question is also the validity of the Generalized Second
Law of Thermodynamics. The foundation of GSL required the Gibb’s equation
of thermodynamics is
TXdSIX = PdVX + dEIX (28)
where SIX and EIX = ρVX , are internal entropy and energy within the horizon,
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Model α β b ξ
Q = 3Hbρ 0.5+0.25−0.15 1.3
+0.2
−0.1 0.02
+0.02
−0.01 0.01
+0.03
−0.28
Table 1: Values of the model parameters obtained from the SneIa +
BAO +CMB data for distance modulus versus theoretical results for the two-
component fluid universe with varying Ghost DE.
while VX = 43piR
3
X be the volume of sphere with horizon radius
RX =
(√
H2 +
k
a2
)−1
.
. In order the GSL to be hold it is required that S˙X + S˙IX ≥ 0 i.e. the
sum of entropy of matter enclosed by horizon must be not be a decreasing
function of time. Following the work [75]where was considered validity of the
Generalized Second Law of Thermodynamics for the Universe bounded by the
Hubble horizon
RH =
1
H
, (29)
cosmological event horizon
RE = a
∫ ∞
t
dt
a
, (30)
and the particle horizon
RP = a
∫ t
0
dt
a
, (31)
we found that the validity of the Generalized Second Law of Thermodynamics
for our Universe bounded by the Hubble horizon is also satisfied. Recall that
GSL with First Law for the time derivative of total entropy gives
S˙X + S˙IX =
R2X
GTX
(
k
a2
− H˙
)
R˙X . (32)
while in case without First Law used we get
S˙X + S˙IX =
2piRX
G
[
R2X
(
k
a2
− H˙
)
(R˙X −HRX) + R˙X
]
. (33)
Under the notations used above we understood that TX = 12piRX and RX is
temperature and Radius for a given horizon under equilibrium thermodynamics
respectively, SX is the horizon entropy and S˙IX as the rate of change of internal
entropy.
Discussion
In this article we proposed and considered a varying Ghost Dark energy. In base
of the generalized Ghost dark energy with energy density ρGDe = αH + βH2
we assume that α can be a function of the scale factor, for instance, α(a) = aξ
of the form. The origin of such fluid assumed to be phenomenological. We
analyzed the behavior of the Universe modeling the dark sector of it within
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proposed fluid and observed that having negative values of the parameter ξ is
favorable due to the fact that only in that case we have Ω ≈ 1. The modeling
of the dark sector of the Universe via interacting varying Ghost DE and cold
DM is considered as a realistic scenario, therefore we investigated the dynamics
of the Universe from this part also. In this case we observed a transit Universe,
we observed also that varying Ghost Dark energy behaves as a matter like fluid
in the early Universe, while it can be either a cosmological constant or phantom
like DE depends on the interplay between parameters ξand b. The effective fluid
is always a cosmological constant with ω → −1 with t → ∞. We also studied
the behavior of the Universe in case of different interactions between varying
Ghost DE and CDM and conclude that with great accuracy obtained results
interpret the results obtained of the interaction of the form Q = 3Hbρ. From
the observational data we found the values of the parameters giving us the best
fit of our theoretical results with observations. We also found that the causality
issue is satisfied for our models. As the last step we check the validity of the
Generalized Second Law of the Thermodynamics for the Universe bounded by
the Hubble horizon and found it to be satisfied. We also saw that the proposed
modification is also a way to solve the cosmological coincidence puzzle.
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